Phosphorylation is a major mechanism regulating the activity of ion channels that remains poorly understood with respect to T-type calcium channels (Cav3). These channels are low voltage-activated calcium channels that play a key role in cellular excitability and various physiological functions. Their dysfunction has been linked to several neurological disorders, including absence epilepsy and neuropathic pain. Recent studies have revealed that T-type channels are modulated by a variety of serine/threonine protein kinase pathways, which indicates the need for a systematic analysis of T-type channel phosphorylation. Here, we immunopurified Cav3.2 channels from rat brain, and we used high-resolution MS to construct the first, to our knowledge, in vivo phosphorylation map of a voltage-gated calcium channel in a mammalian brain. We identified as many as 34 phosphorylation sites, and we show that the vast majority of these sites are also phosphorylated on the human Cav3.2 expressed in HEK293T cells. In patch-clamp studies, treatment of the channel with alkaline phosphatase as well as analysis of dephosphomimetic mutants revealed that phosphorylation regulates important functional properties of Cav3.2 channels, including voltage-dependent activation and inactivation and kinetics. We also identified that the phosphorylation of a locus situated in the loop I-II S442/S445/T446 is crucial for this regulation. Our data show that Cav3.2 channels are highly phosphorylated in the mammalian brain and establish phosphorylation as an important mechanism involved in the dynamic regulation of Cav3.2 channel gating properties.
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T-type calcium channel | Cav3.2 subunit | patch clamp | mass spectrometry | phosphorylation V oltage-gated calcium channels (L-, N-, P/Q-, R-, and T-types) mediate calcium entry in many different cell types in response to membrane depolarization and action potentials. Calcium influx through these channels serves as an important second messenger of electrical signaling, initiating a variety of cellular events and physiological functions (1, 2) . Among the family of voltage-gated calcium channels, T-type calcium channels (Cav3 family) have unique electrophysiological properties, because they display low voltageactivated calcium currents with rapid activation/inactivation kinetics. In neurons, small changes in the membrane potential near the resting potential can activate T-type channels, favoring further membrane depolarization and repetitive firing of action potentials (3) (4) (5) . These unique gating properties of T-type channels make them important in many different processes, including neuronal spontaneous firing and pacemaker activities, rebound burst firing, sleep rhythms, sensory processing, and neuronal differentiation, as well as in pathological conditions, such as epilepsy and neuropathic pain (6) .
To properly assure this plurality of physiological functions, a tight control of T-type calcium channels is necessary. An important regulatory mechanism is phosphorylation, the fastest and most frequent posttranslational modification for a protein. Ion channels, especially voltage-gated channels, are critically regulated by phosphorylation. Voltage-dependent sodium and potassium channels have been shown to be the target of multiple phosphorylation events, regulating different channel functions and being involved in pathological states, like epilepsy (7) (8) (9) (10) (11) . Also, several studies have shown the crucial role of the L-type/Cav1 phosphorylation in important physiological functions, like the fight or flight response (12) (13) (14) (15) .
Regarding T-type channels, phosphorylation remains poorly understood. There are three Cav3 pore-forming proteins (Cav3.1, Cav3.2, and Cav3.3 subunits) all displaying typical properties of T-type channels when expressed in heterologous cell systems (3, 16) . Among them, the Cav3.2 channel seems to be particularly sensitive to various types of regulation, including phosphorylation. To date, several serine/threonine kinases, like PKA, PKC, or CamKII, have been shown to regulate Cav3.2 activity (reviewed in refs. [17] [18] [19] [20] ; however, in most cases, this regulation is tissue-dependent, and little is still known about its molecular basis. Cav3.2 channels bear more than 100 multiple intracellular serine and threonine residues that are predicted to be phosphorylated by common prediction algorithms, like NetPhos2.0 (21). However, which of these residues are actually phosphorylated and what functional impact this phosphorylation will have remain to be determined.
In this study, we investigate the phosphorylation pattern of the Cav3.2 isoform of the T-type channels and its role in Cav3.2 channel properties. Using an MS approach, we have established the first, to our knowledge, phosphorylation map of the Cav3.2 channel in a mammalian brain and a human cell line. Then, by using alkaline phosphatase (AP) and dephosphomimetic mutants in patch-clamp experiments, we reveal the importance of phosphorylation in modulating Cav3.2 gating properties. We have
Significance
Ion channels are membrane proteins essential for signal generation and transmission in the nervous system. They are finely regulated, and even small changes in their activity can trigger important physiological or pathological consequences on brain function. A regulatory mechanism of particular importance is phosphorylation. In this study, we assess the impact of phosphorylation on the activity of a specific ion channel, the T-type calcium channel Cav3.2. We show for the first time, to our knowledge, that Cav3.2 is highly phosphorylated in vivo and in a mammalian brain as well as in a human cell line, and we identify many phosphorylation sites critical for the way that the channel opens in response to changes in membrane potential and neuronal excitability.
also identified a phosphorylation hot spot situated in the loop connecting domains I and II of the channel that plays a crucial role in this regulation. Altogether, this study provides important insights regarding how phosphorylation regulates Cav3.2 channels.
Results
Cav3.2 Is Highly Phosphorylated in Brain and Heterologous Cells. To establish the phosphorylation status of Cav3.2 in brain tissue, we immunopurified Cav3.2 from rat brain lysate, digested the purified protein with proteases, and further analyzed the resulting peptides by high-resolution MS (details are in Materials and Methods); 62% of the protein could be detected by this method. This percentage of protein coverage was even higher (78%) when considering only the major intracellular domains, the principal target of kinases and phosphatases (Fig. S1A) .
Based on the MS/MS spectra, in total, 34 different phosphorylation sites were identified ( Fig. S2 and Dataset S1 show the representative spectra), 26 of which have not been described elsewhere to our knowledge. Among the others, two of them, S1104 and S1203, have been previously identified as targeted by PKA and CamKII, respectively (22, 23) , in adrenocortical carcinoma cells, and six others (S445/T446, S541, S1171, T1172, S2201, and S2360) were described in high-throughput studies using automatic assignation of phosphorylation sites from MS/MS spectra (24, 25) . Except the loop connecting the domains III and IV (LIII-IV), which is the smallest, all intracellular loops contained several phosphorylated threonine and serine residues. No tyrosine phosphorylation was detected.
In view of further studying the functional impact of this phosphorylation, we also assessed the phosphorylation status of Cav3.2 expressed in HEK293T cells. This human cell line is a widely used system for studying ion channel function, and it is important to know whether the phosphorylation pattern of the recombinant Cav3.2 protein is similar to the one observed in native tissue (brain). For expression in HEK293T cells, we used the human isoform of Cav3.2, bearing an HA epitope that allows an efficient purification of the protein. The rat and the human Cav3.2 isoforms are highly similar, having a sequence identity of 84%. After expression and immunoprecipitation, we subjected the recombinant Cav3.2 to the same type of analysis as the native protein from rat brain. The overall coverage and the coverage of the major intracellular loops were 71% and 87%, respectively (Fig. S1B) . These experiments allowed us to identify of a total of 43 phosphosites (Fig.  1B, Fig. S2 , and Dataset S1 show representative MS/MS spectra). Comparing these sites with those identified in rat brain revealed that the vast majority of phosphorylation sites found in the brain were also phosphorylated in HEK293T cells (27 sites from a total of 34). Among the remaining ones, some (S18, S541, S767, and S2354) were not conserved between rat and human Cav3.2 isoforms, and only three were conserved but not detected as phosphorylated in HEK293T cells. More details about phosphosite correspondence between the rat and the human isoforms are given in Table S1 . These results suggest that the phosphorylation patterns of Cav3.2 are mostly conserved between the HEK293T cell line and the brain as well as between the human and rat isoforms.
Phosphorylation Regulates the Biophysical Properties of Cav3.2 Channels. The large number of phosphorylated sites found on Cav3.2 suggests extensive modulation of the channel by phosphorylation. To rapidly evaluate the impact that this phosphorylation could have on channel activity, we used a phosphatase, the AP, in patch-clamp studies. This phosphatase was already successfully used in others studies to show the role that phosphorylation has on Kv channels (26) . We, therefore, expressed the human isoform of Cav3.2 in HEK293T cells and measured its activity in a whole-cell patch-clamp configuration. Subsequently, we allowed AP to dialyze into the cell through the patch pipette to induce channel dephosphorylation. The AP dialysis (100 U/mL for 30 min) led to a significant shift toward more negative potentials of the steady-state inactivation and activation curves (Fig. 2) . The half-inactivation potential (V 1/2 ) was shifted ∼19 mV from −70.12 ± 0.7 to −89.53 ± 2.2 mV (P < 0.001) ( Fig. 2 A and B) , and similarly, the half-activation potential was shifted ∼16 mV from −46.02 ± 0.4 to −61.6 ± 1 mV (P < 0.001) ( Table S1 . The unambiguous sites are bold, and the ambiguous sites are bold and italicized. Liquid chromatography-MS/MS sequence coverage of the Cav3.2 protein and the MS/MS spectra of the Cav3.2 peptides can be found in Figs. S1 and S2 and Dataset S1.
the activation and inactivation kinetics became significantly faster on AP treatment. For instance, at −40 mV, the τ inact decreased from 28.9 ± 3.3 to 15.5 ± 1.5 ms (P < 0.01) (Fig. S3A) , and the τ act decreased from 6.5 ± 0.7 to 2.4 ± 0.2 ms (P < 0.001) (Fig. S3B) . No significant changes were observed regarding other biophysical properties of the Cav3.2 channel, including recovery from inactivation and deactivation kinetics (Fig. S3 C and D) . A set of experiments designed to determine the reversal potential showed no significant effect of the AP treatment on this parameter either (Fig. S3E) .
These data suggest that the gating properties of Cav3.2 channels are greatly influenced by the phosphorylation status. To determine whether the AP effect is because of a direct dephosphorylation of the channel, we mutated the serine and threonine residues that we previously identified as phosphorylated to alanine, thus mimicking the dephosphorylation.
In a first series of experiments, six constructs were generated, each of them designed to assess the functionality of the identified phosphoserine and phosphothreonine residues from a particular intracellular region of human Cav3.2 (Table 1 shows details concerning each construct). No significant effect on the Cav3.2 steady-state activation and inactivation properties or kinetics was observed when all of the identified phosphorylated sites of the cytoplasmic N-terminal part of the protein were mutated to alanine (the construct named N-ter Ala is shown in Fig. 3 and Table 1 ). The same result was obtained when the phosphorylated sites from LII-III and LIII-IV were mutated (constructs LII-III Ala and LIII-IV Ala, respectively, are shown in Fig. 3 and Table  1 ). To identify a role in gating of the C-terminal part of Cav3.2, we constructed a deletion mutant by introducing a stop codon at Q1886 (C-terΔ). No change in the biophysical properties of the T-type current was observed with the C-terΔ mutant ( Fig. 3 and Table 1 ). To evaluate the role of the large intracellular loop connecting domains I and II (LI-II ; 357 aa), we generated two constructs where all of the identified phosphorylated sites in the proximal part (LI-IIA) or the distal part (LI-IIB), respectively, were mutated to alanines (LI-IIA Ala and LI-IIB Ala are shown in Fig. 3 and Table 1 ). We did not observe any effect on Cav3.2 current properties with the LI-IIB Ala construct. However, the LI-IIA Ala construct displayed steady-state activation and inactivation curves significantly shifted toward more negative potentials. The extent of the shift was −7 mV for the inactivation curve (V 1/2 shifted from −69.02 ± 0.27 to −76.59 ± 0.91 mV; P < 0.001) (Fig. 3B ) and −9 mV for the activation curve (V 1/2 shifted from −45.07 ± 0.34 to −54.71 ± 1.59 mV; P < 0.001) (Fig. 3C) . In addition, the activation and inactivation kinetics were also faster for the LI-IIA Ala mutant (Table 1) . No significant change in the current density was seen for any of the mutants.
Because the LI-IIA Ala construct has seven mutated serine and threonine residues, we sought to determine which of them was responsible for the gating effect. Therefore, three additional constructs were generated: LI-IIA1 (carrying the mutations S442A, S445A, and T446A), LI-IIA2 (S532A and S535A), and LI-IIA3 (S558A and S561A). Whereas LI-IIA2 and LI-IIA3 had current properties similar to the WT, the LI-IIA1 mutant exhibited a shift in both the steady-state half-activation and half-inactivation potentials and faster activation and inactivation kinetics similar to the LI-IIA Ala construct ( Table 1 ), indicating that the phosphosites from this region are important for the voltagedependent gating of the channel. Furthermore, treatment of the LI-IIA1 mutant with AP resulted in a hyperpolarizing shift in voltage-dependent activation and inactivation to the same end points as the AP-treated WT Cav3.2 channel ( Table 1 ). The shift observed for the LI-IIA1 mutant in the presence of AP was significantly reduced compared with the one obtained for the WT. For the mutant channel, the steady-state activation and inactivation curves were shifted by 10 and 13 mV, respectively, compared with the 16-and 19-mV shifts measured for the WT. These experiments further support that the Cav3.2 gating properties are modulated by the phosphorylation of the S442/S445/T446 cluster.
The LI-IIA1 construct is a triple mutant carrying the following mutations: S442A, S445A, and T446A. Individual mutation of these sites led to three single alanine mutants each exhibiting a shift in the steady-state activation and inactivation properties as well as accelerated kinetics, similar to those observed for LI-IIA Ala or the triple mutant LI-IIA1 (Fig. 4 A and B) . Importantly, these specific voltage-dependent biophysical properties of the LI-IIA1 mutant could also be observed in another cell line, the neuroblastoma NG108-15 cell line, which constitutively expresses Cav3.2. In this neuronal environment, expression of LI-IIA1 also yielded a hyperpolarizing shift of the steady-state activation and inactivation curves as well as faster activation and inactivation kinetics (Fig.  S4 ). In addition, we have performed action potential voltageclamp experiments. Because the role of T-type channels in promoting burst activity in thalamic neurons is well documented (27) , these experiments were done using a burst firing activity typical of the thalamic reticular neurons as a voltage-clamp command (28) . Using this protocol on cells displaying similar T-type current density, we observed that, at a physiological membrane potential (−76 mV), the LI-IIA1 mutant generated significantly smaller calcium current compared with the WT channel (Fig. 4C) . This result was further confirmed by the quantification of both the peak current density (Fig. 4D ) and the inward current area (Fig. 4E) , which accounts for total calcium entry during burst activity protocol. To evaluate the impact of Cav3.2/T-type channel phosphorylation on neuronal excitability, we have used a NEURON model of thalamic reticular neuron (28) . Introduction of our experimental values for the WT, LI-IIA1 mutant, and AP-treated WT channels revealed marked differences in firing patterns (Fig.  4F) . We found that both mutant and AP-treated WT channels led to increased firing. The number of spikes was increased for the LI-IIA1 mutant compared with the WT channel, an increase that was even stronger for the AP-treated WT channel. Also, the latency for the first spike was shorter for the dephosphorylated channels (50.7 ms for AP-treated WT and 55.7 ms for LI-IIA1 mutant compared with 82.9 ms for the WT), and the average interspike interval was decreased (36.1 ms for AP-treated WT and 36.8 ms for LI-IIA1 mutant compared with 45.1 ms for the WT).
Discussion
Phosphorylation is a major mechanism regulating the activity of ion channels that remains poorly understood for T-type calcium channels (17) (18) (19) (20) . Taking advantage of the MS approach, we provide here the first, to our knowledge, phosphorylation map of the Cav3.2 T-type calcium channel purified from both native tissue (rat brain) and recombinant system (human HEK293T cells). Importantly, we show that phosphorylation highly modulates channel gating properties, and we report that phosphorylation of a locus within the intracellular loop connecting domains I and II is directly involved in this gating control.
Our MS experiments reveal that a large number of serine and threonine residues of the Cav3.2 protein is phosphorylated: 34 for the native channel in the rat brain and 43 for the recombinant human Cav3.2 channel in the HEK293T cells. At least 27 phosphosites identified in vivo were also found to be phosphorylated in the heterologous expression system (Table S1), suggesting that the phosphorylation pattern of the Cav3.2 protein is broadly conserved among species (rat and human) and cellular systems (recombinant channel in HEK293T and native channel in the brain). Our work has validated 8 sites identified elsewhere (Table  S1 ) and identified 26 never described in vivo phosphosites. Among these discovered sites, some (S18, S647, S687, and S2193 in the rat isoform) were not even predicted to be phosphorylated by widely used computer algorithms, like NetPhos2.0. This underscores the limitations of algorithm-based predictions and shows the −54.71 ± 1.59(7)* −76.59 ± 0.914(7)* 4.347 ± 0.43 (5)* 5.354 ± 0.41 (7) 3.609 ± 0.07 (7) 17.96 ± 1.67(5)* LI-IIB Ala S650A, S653A, S687A, S715A, S717A, S749A, T751A, S758A
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−45.6 ± 1.52 (5) −68.97 ± 0.87 (5) 8.235 ± 0.94 (4) 5.264 ± 0.16 (5) 4.102 ± 0.05 (5) 25.83 ± 3.6 (4) LIII-IV Ala S1587A, T1588A, S1591A −46.03 ± 1.62 (8) −70.35 ± 0.78 (10) 8.203 ± 0.64 (11) 5.604 ± 0.18 (8) 3.873 ± 0.08 (10) 29.76 ± 2.1 (11) C-terΔ Q1886Stop −47.79 ± 1.4 (7) −69.09 ± 0.97 (8) 8.558 ± 1.08 (5) 4.961 ± 0.34 (7) 4.087 ± 0. (12) 4.224 ± 0.04 (11) 15.82 ± 1.5 (11)* LI-II A1 AP S442A, S4445A, T446A −64.58 ± 1.08 (8)* −89.3 ± 1.3 (9)* 2.584 ± 0.211 (8)* 5.572 ± 0.32 (8) 3.763 ± 0.06 (9) 21.33 ± 2.3 (8) † V 1/2 represents the half-activation and half-inactivation potentials, respectively; K is the slope factor; and τ act and τ inact are the activation and inactivation kinetics, respectively. The kinetics values were obtained by fitting the current traces obtained using the I-V curve protocol with a double-exponential function. The number of cells is indicated in parentheses. *P < 0.001 compared with the WT channels.
† P < 0.01 compared with the WT channels. ‡ P < 0.05 compared with the WT channels. (Table 1 shows details regarding the mutated residues for each construction). (B and C) Steady-state inactivation curves and steady-state activation curves, respectively, for the WT (black circles), N-ter Ala (blue triangles), LI-II A Ala (red squares), LI-II B Ala (orange diamonds), LII-III Ala (purple squares), LIII-IV Ala (brown squares), and C-terΔ (gray triangles).
importance of undertaking MS-based proteomic studies to characterize the phosphorylation status of a protein.
The striking extent of Cav3.2 phosphorylation raises questions as to its role in Cav3.2 regulation. The remarkable hyperpolarizing shift in the activation and inactivation curves of the channel (16 and 19 mV, respectively) obtained by treatment with a phosphatase (AP) indicates that the phosphorylation level of the cell will greatly influence the biophysical properties of the channel. Mutating all of the identified phosphosites of human Cav3.2 shows that dephosphorylation of S442, S445, and /or T446 is, at least partially, responsible for the shift observed in the presence of AP. Future studies are needed to determine if the additional shift observed with AP (7 mV for the activation and 12 mV for the inactivation curve) is because of an indirect action through channel partners or the direct dephosphorylation of other Cav3.2 phosphosites that could not be identified in this study. Indeed, some phosphorylation sites, particularly those with low stoichiometry, might have been missed by our MS approach. Either way, our data show that the phosphorylation level of the cell can drastically influence the voltage-dependent gating of Cav3.2 channel.
Our results also show that the phosphorylation locus S442/S445/ T446 has a particular importance for the voltage-dependent gating of Cav3.2. These three amino acids were detected by MS on the ARHLS 442 NDS 445 T 446 LASFSEPGSCYEELLK peptide (spectra are shown in Dataset S1) for the human isoform expressed in HEK293T cells and the YLS 442 NDS 445 T 446 LASFSEPGSCYEELLK peptide (Fig. S2) for the rat brain isoform. The latter was detected in the monophosphorylated as well as the diphosphorylated forms. For the monophosphorylated peptide, the MS/MS data showed a hybrid spectrum with b and y ions supporting both the phosphorylation of S442 and S445 or T446 (Fig. S2) . Analysis of the MS/MS spectrum of the human peptide allowed us to determine that one of the residues S442, S445, or T446 is phosphorylated, but data were not sufficient to pinpoint exactly which one of the three is actually phosphorylated. From a functional point of view, individual mutations of S442, S445, and T446 to alanine led to single mutants exhibiting the same biophysical properties as the triple-alanine mutant, suggesting that mutation/dephosphorylation of either one of these residues is sufficient to trigger functional changes in Cav3.2 activity.
S442, S445, and T446 are located within the loop connecting domains I and II (I-II loop) in a region that was previously described as a "gating brake" (29) (30) (31) . Indeed, Vitko et al. (29) showed that deletion of the first 62 aa of the I-II loop (429-491) allows the Cav3.2 channel to open at more negative membrane potential by shifting the steady-state activation and inactivation curves, a phenotype recapitulated in our LI-IIA1 mutant. It is tempting to postulate that phosphorylation/dephosphorylation of the residues S442, S445, and/or T446 would affect the conformation of this region, leading to a change in channel gating. Our data are, therefore, consistent with the critical role of this region in the gating of the Cav3.2 channel and provide a possible physiological regulation of the gating brake. It is interesting to notice that the vast majority of the described Cav3.2 absence epilepsy-linked mutations are also on the I-II loop (32) . One of these mutations, C456S, which induces a 5-mV shift in the activation curve and an increase in surface expression of the protein (29, 33) , has been shown to increase the spontaneous firing rate of hippocampal neurons and thus, an increase in seizure susceptibility (34) . This underscores the importance of Cav3.2 gating properties in neuronal firing, a property that could be dynamically regulated by loop I-II phosphorylation/dephosphorylation as documented in this study.
Our modeling experiments predict that neuronal firing patterns depend on T-type channel phosphorylation. The LI-IIA1 mutant and the AP-treated WT channels could trigger an increased firing in a thalamic reticular neuron model, suggesting that, in their native environment, these neurons would be more excitable under dephosphorylated conditions. It remains, however, possible that the complex interplay between the gating properties of the Cav3.2 channel would give a different output in another neuronal environment. It is interesting to notice that the values reported in the literature for the half-activation and halfinactivation potentials (V 1/2 ) of the T-type current markedly vary between neurons. For instance, the half-activation potential ranges from −45 to −60 mV (35) , values that are consistent with our findings (−45 mV for WT and −61 mV for AP-treated WT). Although different contributions of T-type channel isoforms or methodological differences could explain this wide range in halfactivation potentials, it could also be caused by different phosphorylation states. Our MS approach is a global one, not taking into account the cell type specificity. Future experiments should be designed to assess the phosphorylation pattern of the channel protein in a more specific set of neurons, allowing better correlation with the gating properties of the channel. Except for S442, S445, and T446, alanine mutations of all of the other identified phosphosites resulted in no apparent effect on Cav3.2 biophysical properties. Most of our alanine mutations were done concomitantly for all of the phosphosites found in a particular loop, and it is, indeed, possible that some phosphosites individually shift gating into different directions, thereby resulting in the absence of a detectable biophysical effect. A functional role of some of the other Cav3.2 phosphosites may be related to other modes of channel regulation not investigated in this study or depend on a particular channel environment. For instance, Hu et al. (22) showed that phosphorylation of S1107 (S1104 in the rat isoform) could induce an inhibition of the T-type current only in the presence of G protein βγ-subunits (Gβ 2 γ 2 ), which are absent in HEK293T cells. It is, therefore, possible that protein partners are needed to reveal the functional role of a particular phosphorylation site of Cav3.2 channel. It could also be possible that a functional effect may be observed when two or several residues from distinct intracellular domains are concomitantly phosphorylated/dephosphorylated. The shift observed with AP treatment may have more complex underpinnings that are comprised of multiple components going in both directions. Finally, it should also be noticed that the phosphorylation maps provided in this study correspond to the basal state of the channel in brain tissue and HEK293T cells. It may, therefore, be possible that other serine and threonine residues of the channel could be phosphorylated in response to physiological or pathological stimuli and signaling pathways that are not constitutively active in brain or HEK293T cells.
Taken together, our results show that the Cav3.2 T-type calcium channel is highly phosphorylated both in vivo (brain) and in vitro (HEK293T cells) and that phosphorylation greatly contributes to the biophysical properties of the channel, likely leading to important physiological consequences. Our findings pave the way to a better understanding of the dynamic regulation of Cav3.2 activity by phosphorylation in physiology and pathology.
Materials and Methods
HEK-293T cells were transfected with human Cav3.2-pcDNA3.1 constructs using standard protocols. Mutagenesis was performed using the QuikChange II XL Kit (Agilent). For MS experiments, Cav3.2 channel immunoprecipitation was performed from 6-wk-old rat brain and transfected HEK-293T cells. T-type calcium currents were recorded from HEK-293T cells using the wholecell patch-clamp technique. AP experiments were conducted by adding 100 U/mL enzyme (Roche) into the patch pipette solution with cells dialyzed for 30 min. Details on constructs, immunoprecipitation experiments, MS, electrophysiology, and NEURON modeling are provided in SI Materials and Methods. Data are presented as mean ± SEM.
